Background. Chloroquine-azithromycin is being evaluated as combination therapy for malaria. It may provide added benefit in treating or preventing bacterial infections that occur in children with malaria.
In sub-Saharan Africa, bacterial and parasitic infections are major contributors to the high rates of childhood morbidity and mortality. In these settings, children with fever are frequently treated with an antimalarial drug based on the clinical presumptive diagnosis of malaria or a positive malaria diagnostic test. The use of azithromycin in combination with another antimalarial medication in this context is appealing. Azithromycin has modest antimalarial properties as well as activity against the common bacterial pathogens associated with childhood infections in malaria-endemic countries. Chloroquine and azithromycin have been coformulated and the combination is undergoing testing because of evidence that the combination is effective against chloroquine-resistant malaria in addition to its benefits in treating and preventing bacterial infections [1, 2] .
The strongest existing evidence to support azithromycin's ability to protect against future bacterial illnesses comes from studies of the delivery of azithromycin through mass drug administration for the treatment of trachoma. Children from villages where azithromycin was administered have been shown to have lower rates of respiratory infection, diarrhea, impetigo, and fever in children after the treatment campaign compared to children in villages which did not receive the azithromycin intervention [3] [4] [5] [6] . Mass azithromycin administration has even been associated with a measurable decrease in child mortality [7, 8] . Many of these results emerge from studies with limited generalizability because they compared intervention villages where trachoma was prevalent and mass drug administration was implemented tovillages where trachomawas rare and there were no new public health programs [3, 4] or they compared children who did or did not receive the azithromycin during the mass drug campaign [7] . Both types of comparison fail to control for other factors that could affect the risk of bacterial disease. One of these studies did not identify a control group [6] .Because trachoma is linked to poor basic hygiene and lower socioeconomic status [9] , baseline factors that influence risk of both trachoma and bacterial disease may have differed between the treated and untreated communities and individuals. In addition, the presence of programs, personneland infrastructure associated with mass drug administration may have influenced outcomes.
In Malawi, chloroquine-susceptible malaria became ubiquitous several years after the cessation of chloroquine use in 1993 and chloroquine has since demonstrated excellent clinical efficacy against malaria illness [10, 11] . We recently completed a clinical trial in Malawi, comparing chloroquine monotherapy to chloroquine plus artesunate, atovaquone-proguanil, or azithromycin for the treatment of uncomplicated malaria in children and demonstrated that chloroquine alone or in combination had sustained high antimalarial efficacy when used for repeated episodes of malaria over the course of a year [12] . The equivalent antimalarial efficacy of all treatment arms offered a unique opportunity to examine the potential secondary benefits of including azithromycin, when it is combined with a highly effective antimalarial medication. We did not include the other combination therapy arms in the control group because artesunate and atovaquone-proguanil have antimicrobial properties. We conducted active and passive case detection of all illnesses occurring during 12 months of study surveillance and used the information captured about nonmalarial illnesses to assess the ability of azithromycin to prevent key infections. Because observations occurred as part of a randomized clinical trial, any differences in outcomes can likely be attributed to the intervention.
METHODS

Clinical Trial Study Design
This is a secondary analysis of data collected from a randomized, open-label clinical trial designed to evaluate the treatment efficacy of chloroquine monotherapy versus chloroquine in combination with artesunate, atovaquone-proguanil, or azithromycin for repeated episodes of uncomplicated malaria. Children with an additional potential source of fever, including evidence of respiratory or gastrointestinal infection at the time of the initial malaria episode, were not enrolled. Children with known human immunodeficiency virus infection were excluded from the study because the standard use of trimethoprimsulfamethoxazole prophylaxis, with antimalarial activity, would interfere with efficacy assessment. At every episode of symptomatic malaria infection, participants were treated with the regimen to which they were initially randomized. The treatment dose of chloroquine was 10 mg/kg on days 0 and 1 and 5 mg/kg on day 2, and the dose of azithromycin was 30 mg/kg daily for 3 days. Details of the methods of this study and the results (which showed no difference in antimalarial efficacy between the treatment arms) were reported previously [12] . Participants were evaluated every month and at unscheduled visits any time they felt unwell. At each visit, hemoglobin concentration was measured and participants were assessed for malaria and other illnesses. Adverse events were recorded at every visit as they were identified.
Study Population
This analysis included 160 participants randomized to the chloroquine-azithromycin treatment group and 160 participants randomized to chloroquine monotherapy as the comparator group. All data from the time of enrollment until study completion were included from participants who were randomized.
Outcome Variables
The primary outcome variables for this analysis were respiratorytract infection and gastrointestinal-tract infection events recorded during the 12-month postrandomization follow-up period. Study participants visited the clinic every month for active surveillance and were also encouraged to attend the clinic any time they were ill. Respiratory-tract infection and gastrointestinal-tract infection data were obtained from adverse event documentation. Diagnoses were made based on clinical signs and symptoms by study clinicians and physicians, including participant complaints and physical examination; treatment was prescribed according to the standard treatment guidelines in Malawi. Respiratory-tract infection events were subcategorized based on the diagnosis and anatomical site affected. Lower-respiratory-tract infection included pneumonia, bronchopneumonia, and bronchitis. Upper-respiratory-tract infection included only pharyngitis and tonsillitis. Acute otitis media, chronic otitis media, and ear infection were categorized as otitis media. Clinical diagnoses of mild illnesses, such as rhinitis and viral upper-respiratory-tract infection, were not included. Gastrointestinal-tract infections events included diarrhea, dysentery, and gastroenteritis (vomiting and diarrhea). Weight-for-age and height-for-age were calculated based on the World Health Organization (WHO) child growth standards.
Statistical Analysis
Incidence rates for total respiratory-tract infections and total gastrointestinal-tract infections were calculated as the ratio of total events per total person-years for each treatment group, where total person-years were calculated as the sum of the difference in days between enrollment and the final study visit or early termination. Participants who permanently left the study area, withdrew consent, or missed more than 2 consecutive monthly visits were discontinued from the study, but their observation period up until the time of censoring was included in the analyses. A generalized linear model was used to fit a Poisson, or quasi-Poisson if the data were overdispersed, distribution for the estimation of rates and rate ratios by analysis of maximum likelihood for respiratory-tract infections and gastrointestinal-tract infections. The analysis was repeated separately for the subcategories of upper-respiratory-tract infection, lowerrespiratory-tract infection, otitis media, diarrhea, dysentery, and gastroenteritis events. Time to first respiratory-tract infection or gastrointestinal-tract infections events and time to first event of each subcategory were modeled using Kaplan-Meier methodology and compared using the log-rank test. Median times to event are presented because data were censored at last visit. To assess for effect modification, we fit models including the baseline variables for age, weight-for-age Z score, and hemoglobin. Numbers needed to treat estimates were calculated as the ratio of the absolute risk differences and corresponding confidence intervals.
Analyses were performed in SAS 9.2 (SAS Institute, Cary, NC) and in R version 2.15.2 (R Core Team, Vienna, Austria). P values are based on 2-sided tests and are unadjusted for multiple comparisons. P values ≤ .05 were considered statistically significant.
Ethical Considerations
All parents or guardians provided written informed consent prior to the initiation of any study-related procedures. The study protocol was reviewed and approved by the University of Malawi College of Medicine Research and Ethics Committee and the Institutional Review Board of the University of Maryland, Baltimore. The study was registered on ClinicalTrials.gov (NCT00379821).
RESULTS
Baseline Characteristics
Baseline characteristics for the 2 treatment groups were similar ( Table 1 ). The average age in both groups was 33 months, and females comprised approximately half of the study population. The study participants had slightly lower weight and height for age than expected based on WHO growth standards, but the 2 groups had similar nutritional status at enrollment. Mean hemoglobin concentrations were low and all participants had uncomplicated malaria at enrollment into the clinical trial. 
Mean height for age (Z score)
Mean initial hemoglobin (g/dL) 9.9 ± 0.1 9.6 ± 0.1 −0.4 (−.7, 0)
Abbreviations: CI, confidence interval; CQ, chloroquine monotherapy group; CQ-AZ, chloroquine-azithromycin group. 
Follow-up Characteristics
The total duration of follow-up was 121.7 and 113.3 personyears for the chloroquine-azithromycin and chloroquine alone groups, respectively. The median follow-up time was similar between the groups. Early termination was predominantly due to migration out of the study area. Follow-up rates and reasons for loss to follow-up were similar in both groups (Table 2) .
Respiratory-Tract and Gastrointestinal-Tract Infections Incidence Density
Respiratory-tract infections and gastrointestinal-tract infection were common in this population. In the chloroquineazithromycin and chloroquine alone groups, 30% and 35%, respectively had at least 1 respiratory-tract infection during the course of the study (P = .43). Forty percent and 31% of children in the chloroquine-azithromycin and chloroquine alone groups, respectively, had at least 1 gastrointestinal-tract infection during the course of the study (P = .13).
The overall incidence density of respiratory-tract infections was one-third lower in the chloroquine-azithromycin group compared to the chloroquine alone arm (rate ratio 0.67, P = .02). When analyzing anatomic sites of respiratory-tract infections separately, only the incidence of lower-respiratory-tract infections was statistically significantly reduced in the chloroquineazithromycin group compared to the control group (Table 3) .
The overall incidence density of gastrointestinal-tract infections was 26% lower in the chloroquine-azithromycin group compared to chloroquine alone group (rate ratio 0.74, P = .04). In the analysis of specific clinical diagnoses of gastrointestinal-tract infections, the incidence of diarrhea was statistically significantly lower in the chloroquine-azithromycin compared to the chloroquine alone group (Table 4) .
In the subgroup analysis, there was no evidence of effect modification by age and weight-for-age Z score for the total respiratory-tract infection and gastrointestinal-tract infection rate ratios. However, there was evidence of a modest effect modification by hemoglobin for total gastrointestinal-tract infections where hemoglobin was categorized as severe anemia (5.0-6.9 mg/dL), mild to moderate anemia (7.0-11.0 mg/dL), and no anemia (>11.0 mg/dL). Only participants with severe anemia showed a significantly lower rate of gastrointestinal-tract infections in the chloroquine-azithromycin group, with a rate ratio of 0.16 (95% confidence interval [CI], .04, .61).
Time to First Event
Times to first respiratory-tract infection were similar between treatment groups (log-rank, P = .22) with median times of 0.64 and 0.41 years in the chloroquine-azithromycin and chloroquine alone groups, respectively (Figure 1) . When analyzing by subcategory, time to first lower-respiratory-tract infection was statistically significantly longer in the chloroquine-azithromycin arm compared to the chloroquine alone group (median time 0.88 vs 0.46 years, P = .04).
Time to first gastrointestinal-tract infection event was statistically significantly longer in the chloroquine-azithromycin group compared to the chloroquine alone group (median Rate calculated as event per total person-years (CQ-AZ = 121.7, CQ = 113.3). Total person-years calculated as total time from enrollment until censoring at termination from the study. Rate ratio is event rate for chloroquine-azithromycin over the rate for chloroquine monotherapy.
Abbreviations: CI, confidence interval; CQ, chloroquine monotherapy group; CQ-AZ, chloroquine-azithromycin group; GITI, gastrointestinal-tract infection.
time 0.58 vs 0.38 years, P = .02) (Figure 2 ). Of the gastrointestinal-tract infections infection subtypes, only the time to first diarrheal event was significantly longer in the chloroquineazithromycin group compared to the chloroquine alone group (median time 0.97 vs 0.70 years, P = .03).
Number Needed to Treat Analysis
The absolute risk differences for respiratory-tract infection and gastrointestinal-tract infections between the chloroquine-azithromycin and chloroquine alone groups were 0.16 (95% CI, .05, .27) and 0.14 (95% CI, .07, .22), respectively. This corresponds to a number needed to treat of 7 for both respiratory-tract infections and gastrointestinal-tract infections. For every 7 children treated for malaria with chloroquine-azithromycin, on average 1 case of respiratory-tract infection and 1 case of gastrointestinal-tract infections could be prevented when compared to treating with chloroquine alone.
DISCUSSION
Adding azithromycin to the treatment of malaria prevented 33% of respiratory-tract infection and 26% of gastrointestinaltract infections in Malawi. Both respiratory-and gastrointestinaltract infections were significantly reduced, and the protective efficacy was most significant among infections, such as lowerrespiratory-tract infections, that were likely to be bacterial in origin. To our knowledge, this is the most definitive evidence that the use of azithromycin has a detectable, long-lasting benefit in the protection against new infections. Because respiratory-tract infections and gastrointestinal-tract infections are so common in this population, the impact of the addition of azithromycin to malaria treatment is high: every 7 treatment episodes with chloroquine-azithromycin will prevent 1 respiratory-tract infection and 1 gastrointestinal-tract infection. The significant findings in our study appear to be driven by prevention of lower-respiratory-tract infections and diarrhea, which were the most commonly observed infections. The lack of statistical significance for upper-respiratory-tract infections and nondiarrheal gastrointestinal-tract infections may be due to their low incidence or because azithromycin did not have an impact on prevention of those specific infections. The latter explanation is less likely, given the spectrum of activity of azithromycin and the common pathogens in diseases such as otitis media, pharyngitis, and dysentery. Nonetheless, all the point estimates were uniformly in favor of lower infection rates in the chloroquine-azithromycin group compared to the chloroquine monotherapy group.
This study was done as part of a clinical trial in which all study participants were from the same health center catchment area and randomly assigned to treatment with or without azithromycin, reducing bias that may have been present in previous nonrandomized evaluations of azithromycin's benefits in African children. Another important strength of our study is the expert and comprehensive clinical evaluation and diagnosis of the endpoints of interest. Previous studies have relied on guardian report and field worker assessment so that the diagnoses were likely less specific than in our study, where trained clinicians and physicians were responsible for determining the diagnosis. In addition, the follow-up period of 1 year allowed for the opportunity to detect extended efficacy or rebound infections.
The baseline rate of lower-respiratory-tract infections in the chloroquine control arm of 0.39 per child year is very similar to the global estimate of 0.33 episodes per child-year for children in developing countries [13] . In contrast, the rate of gastrointestinal-tract infections in the chloroquine alone group was more than 3-fold lower than estimates for this age group in developing countries (0.7 vs 2.7 episodes per child-year) [14] . The measured rates of both respiratory-tract infections and gastrointestinaltract infections were both lower than the baseline rates reported from the children enrolled in the mass treatment program for trachoma in Tanzania. The lower rates of infection in this study are likely due to the urban setting of the study, in which children live in permanent housing, have minimal exposure to indoor smoke, and have good access to clean water [15] . Nevertheless, our study confirms the magnitude of the benefit of azithromycin measured in studies performed in Tanzania [3, 4] .
The precise mechanism by which azithromycin prevents respiratory-and gastrointestinal-tract infections is not known. It may directly eradicate pathogenic bacteria in the nasopharynx and gastrointestinal tract. Although azithromycin has activity against Streptococcus pneumoniae and group A Streptococcus, recent studies of azithromycin for mass drug administration have not shown that it had an effect on S. pneumoniae colonization rates [5, 16] . A short course of azithromycin also was not associated with prolonged decreases in colonization with enteric pathogens [17] . However, the immunomodulatory effects of azithromycin have been shown to improve outcomes for children with cystic fibrosis and noncystic fibrosis bronchiectasis [18, 19] . Further investigation is required to evaluate the mechanism of azithromycin's protection against respiratory and gastrointestinal symptoms.
The most significant limitation of this study is lack of microbiological data. Identifying the etiology of respiratory-tract infections and gastrointestinal-tract infections in any context is challenging because many basic culture or highly sensitive detection methods yield multiple pathogens. Such investigations are not part of routine evaluation of illnesses in resource-limited settings. Many, if not most, of the respiratory and gastrointestinal illnesses were likely due to common viral etiologies, such as influenza, respiratory syncytial virus, and rotavirus. Such misclassification would have diluted our ability to detect differences between the 2 groups. The fact that statistically significant differences were still detectable suggests that azithromycin would have protected against more than a third or a quarter of infections if we had limited our analyses to bacterial infections using more specific case definitions. Another limitation of the study was the high rate of loss to follow-up among the participants. We routinely encounter this in our urban setting where the population is highly mobile. The rates of loss to follow-up were similar in both groups and the baseline characteristics of participants who did and did not complete the study were equivalent. It is unlikely that incomplete follow-up led to a bias in the results.
The role of combining chloroquine plus azithromycin in the treatment and prevention of both malaria and other infections is being explored in other field trials. Currently, a multicenter phase III clinical trial is evaluating a fixed-dose combination of chloroquine plus azithromycin for the intermittent preventive treatment of malaria during pregnancy [20] . The expected advantage of using chloroquine-azithromycin in pregnancy is that azithromycin will also treat common sexually transmitted diseases, including Neisseria gonorrhea, Chlamydia trachomatis, chancroid, and syphilis [2] . The treatment and prevention of sexually transmitted disease in pregnant women are especially important because the infections are associated with adverse pregnancy outcomes, including preterm delivery, low birth weight, growth restriction, and fetal and neonatal mortality [21] . The results of this study in Malawi further support the use of chloroquine-azithromycin for the treatment of current malaria and bacterial infections as well as for the posttreatment prophylactic effect.
Chloroquine-azithromycin may play a role in the treatment or prevention of malaria in children in the future, particularly if emerging artemisinin resistance becomes more widespread [22, 23] . Due to widespread chloroquine-resistant malaria and the relatively weak antimalarial activity of azithromycin, multicenter trials have only demonstrated the efficacy of chloroquine plus azithromycin compared to standard antimalarial treatment among semi-immune adults in settings outside of Malawi [24] . The combination demonstrated outstanding efficacy in our clinical trial in Malawi because of the return of chloroquinesusceptible malaria in Malawi following the removal of chloroquine from use in 1993 [10, 11] . As chloroquine use decreases throughout sub-Saharan Africa because it is being replaced by now widely available artemisinin-based combination therapy, there is increasing evidence that chloroquine-susceptible malaria may predominate throughout the region in the near future [25] . If the reintroduction of chloroquine use occurs, it will have to be used in combination with another drug to prevent the reemergence of resistance. The selection of the appropriate partner drug to chloroquine will be based primarily on the ability of the partner drug to act synergistically to treat the malaria infection and prevent the reemergence of resistance, but the secondary benefits should also be taken into account. If this combination not only treats the acute malaria infection but also prevents future bacterial infections, the public health benefit of treating multiple leading causes of childhood deaths simultaneously would be significant.
Notes
